Capacitation is a complex and not well-understood process that encompasses all the molecular changes sperm must undergo to successfully fertilize an oocyte. In vitro fertilization has remained elusive in the horse, as evidenced by low in vitro fertilization (IVF) rates (0%-33%); moreover, only two foals have ever been produced using IVF. Incubation of stallion sperm in modified Whittens supplemented with bovine serum albumin and sodium bicarbonate yielded significant rates of timedependent protein tyrosine phosphorylation and induced acrosomal exocytosis, consistent with capacitation. The objective of this study was to characterize stallion sperm hyperactivation and to test whether hyperactivation of capacitated sperm supported equine IVF. Treatment of sperm with procaine, an anesthetic shown to induce hyperactivation in other mammalian species, resulted in the decrease of three motility variables indicative of hyperactivation: straight line velocity (P ¼ 0.029), straightness (P ¼ 0.001), and linearity (P ¼ 0.002). We demonstrated that procaine-induced hyperactivation was not regulated by changes in protein tyrosine phosphorylation and that it did not induce acrosomal exocytosis in capacitated sperm compared with calcium ionophore (P . 0.05), similar to findings in the bovine. Most notably, by coupling our capacitating conditions with the induction of hyperactivation using procaine, we have achieved the novel result of substantial and reproducible percentages of fertilized mare oocytes (60.7%) in our IVF experiments. Conversely, sperm incubated in capacitating conditions but not treated with procaine did not fertilize (0%). These results support the hypothesis that capacitation and hyperactivation are required for successful IVF in the equine. gamete biology, in vitro fertilization, sperm capacitation, sperm hyperactivation, sperm motility and transport
INTRODUCTION
Only two foals have ever been produced using in vitro fertilization (IVF) technology [1] , despite decades of work addressing this topic. Reported fertilization rates have ranged from 0% to 33% [2] [3] [4] [5] [6] [7] [8] , and these results were inconsistent even between studies performed by the same laboratories [4] [5] [6] . Because equine IVF is equally unsuccessful with in vivomatured and in vitro-matured oocytes [1] , and oviductal transfer of in vitro-matured equine oocytes to inseminated mares results in fertilization rates comparable to those obtained by natural mating [8] , it is likely that the low sperm penetration rates observed in IVF studies have stemmed from the inability to appropriately capacitate and/or hyperactivate stallion sperm in the laboratory.
Capacitation comprises the changes that ejaculated sperm must undergo to become fertilization competent [9] . Although the molecular basis of capacitation is still poorly understood, the ability of sperm to fertilize an oocyte has been correlated with time-dependent increases in protein tyrosine phosphorylation and the acquisition of acrosomal responsiveness in all species studied thus far (for review, see Visconti et al. [10] ). Previous attempts to capacitate sperm in vitro have remained elusive in the horse, as evidenced by low levels of protein tyrosine phosphorylation [11, 12] , low rates of acrosomal exocytosis [13] [14] [15] [16] , and low sperm penetration rates when IVF has been attempted [2] [3] [4] [5] [6] [7] [8] . Recently, our laboratory has reported defined incubation conditions that yield significant timedependent increases in protein tyrosine phosphorylation that correlated with significant rates of progesterone-induced acrosomal exocytosis, suggesting that sperm are undergoing changes consistent with capacitation [17] .
In addition, penetration of the outer vestments of the oocyte at fertilization requires a change in the pattern of sperm motility that has been termed hyperactivation [18] [19] [20] . The acquisition of hyperactivated sperm motility has been observed within the oviducts of mammals at the time of fertilization [21] [22] [23] and is required for zona pellucida penetration [19, 24] . It is also believed to play a role in the ability of sperm to detach from the oviductal wall [21] , navigate the labyrinthine environment of the oviduct [25] , and penetrate the viscous mucoid environment encountered in the female reproductive tract [22, 26] (for review, see Suarez [27] ). The precise motility pattern that defines hyperactivation is species specific; however, it is generally characterized by increases in lateral head displacement, flagellar bend amplitude, and beat asymmetry [20, 24, 28] .
Capacitation and hyperactivation are often linked together in the continuum of changes that a sperm must undergo to fertilize an oocyte; moreover, both processes require calcium, bicarbonate, and the activation of cAMP synthesis [29] [30] [31] [32] . However, the pathways that regulate these events are considered separable and independent [27, 33, 34] . This has been demonstrated in Catsper null mutant mice, whereby disruption of any CATSPER proteins (which form alkalineactivated Ca 2þ channels) resulted in normal sperm production, protein tyrosine phosphorylation patterns, and rates of acrosomal exocytosis; however, the Catsper null sperm failed to hyperactivate and could not penetrate zona-intact oocytes, and as a consequence these mice were infertile [18, 19] . In vitro-incubated bovine sperm that exhibit markers of capacitation do not hyperactivate; however, hyperactivation can be exogenously induced in capacitated as well as noncapacitated sperm by exposure to procaine [33] , further supporting the hypothesis that capacitation and hyperactivation are independent processes. Although the exact mechanism by which procaine induces hyperactivation is not known, it is believed to stimulate calcium influx by increasing the permeability of the plasma membrane to calcium [34] . Although Rathi et al. [35] designated certain motility parameters, as measured by computer-assisted semen analysis (CASA), as indicative of hyperactivated motility in equine sperm, none of the treatments tested in that study significantly affected the proportions of sperm showing these patterns. Thus, the pattern of hyperactivation and its associated measures of motility have not been defined in stallion sperm.
Together, the information above suggests that successful IVF in the horse might require defined and specific conditions that support sperm capacitation in vitro, but also the acquisition of hyperactivated motility. Therefore, the first objective of this study was to characterize the pattern of motility and motion measures associated with stallion sperm hyperactivation. The second objective of this study was to test whether the induction of hyperactivation in sperm incubated under capacitating conditions supports fertilization of in vitro-matured mare oocytes.
MATERIALS AND METHODS

General Methods
Chemicals and reagents. The 4-bromo-calcium ionophore A23187 was obtained from Calbiochem (San Diego, CA). Tween 20 was purchased from Bio-Rad (Hercules, CA). Anti-phosphotyrosine monoclonal antibody 4G10 was purchased from Upstate Biotechnology (Lake Placid, NY). Peanut agglutinin (PNA)-Alexa 488 was purchased from Invitrogen Corp. (Carlsbad, CA). Fetal bovine serum (FBS), TCM 199 with Hanks salts, TCM 199 with Earle salts, Dulbecco modified Eagle medium (DMEM)/F-12, and gentamicin were purchased from Gibco (Carlsbad, CA). Follicle-stimulating hormone (FSH) was purchased from Sioux Biochemical (Sioux Center, IA). All other chemicals were from Sigma Chemical Company (St. Louis, MO).
Sperm culture media. Sperm were incubated as described previously [17] in modified Whittens (MW; 100 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl 2 , 5.5 mM glucose [anhydrous], 22 mM HEPES, 4.8 mM lactic acid hemicalcium salt, and 1.0 mM pyruvic acid) [36] . Negative control, noncapacitating medium lacked bovine serum albumin (BSA) and NaHCO 3 and also served as transport medium. Capacitating conditions were prepared by adding 25 mM NaHCO 3 and 7 mg/ml BSA to the noncapacitating MW base medium. For both media, the final pH was brought to 7.25 with HCl.
Semen collection and preparation. Semen was collected with an artificial vagina from six adult stallions of proven fertility in compliance with Institutional Animal Care and Use Committee guidelines. After visual evaluation of sperm motility under light microscopy on a heated stage and assessment of sperm concentration using a 534B MOD1 Densimeter (Animal Reproduction Systems, Chino, CA), the sperm-rich fraction was diluted 2:1 (vol/vol) in prewarmed noncapacitating MW and transported to the laboratory (10 min) at 378C for immediate processing. Samples were centrifuged in 15-ml conical tubes at 100 3 g for 1 min (378C) to remove particulate matter and dead sperm. The supernatant was then transferred to a 14-ml, round-bottom centrifuge tube and centrifuged at 600 3 g for 5 min (378C) and resuspended in noncapacitating or capacitating MW to a final concentration of 10 3 10 6 sperm/ml. Samples were incubated in 500-ll aliquots in polyvinyl alcoholcoated, 5-ml round-bottom tubes [37] at 378C in a humidified air atmosphere.
Statistical analysis. Data for motility measures (detailed below) were analyzed by two-way ANOVA using SigmaStat software (San Jose, CA). Raw data for percent acrosome-reacted sperm were transformed using arcsin square root and then analyzed by two-way ANOVA; raw data for percent hyperactivated sperm sorts were also transformed using arcsin square root and then analyzed by two-way repeated-measures ANOVA. When significant differences were detected (P , 0.05), the Student-Newman-Keuls method was applied to assess all pairwise multiple comparisons.
Characterization of Hyperactivation in Stallion Sperm: Effects of Procaine on Motility Measures Before and after Capacitation
Induction of hyperactivation and motility analysis. Hyperactivation of spermatozoa resuspended in capacitating MW was induced with the addition of procaine (5 mM final concentration [33] ; dissolved in capacitating MW). Sperm motility was analyzed at 0 h and after 6 h of incubation under capacitating conditions using CASA with an HTM-IVOS equipped with a heated stage (version 12, V32.01L; Hamilton Thorne Biosciences, Beverly, MA) immediately after the addition of procaine. Eight motility parameters were evaluated: percent motile, average path velocity (VAP; measured in micrometers per second; VAP is the average velocity of sperm along the smoothed cell path), straight-line velocity (VSL; measured in micrometers per second; VSL is the average velocity measured in a straight line from beginning to end), curvilinear velocity (VCL; measured in micrometers per second; VCL is the average rate of travel of the sperm head), amplitude of lateral head displacement (ALH; measured in micrometers; ALH is the mean width of head oscillations), beat cross frequency (BCF; measured in Hertz; BCF is the frequency that the head crosses the sperm track), straightness (STR; STR ¼ VSL/VAP 3 100), and linearity (LIN; LIN ¼ VSL/VCL 3 100). Two ejaculates each from three stallions were used for data analysis, and .200 sperm were analyzed per treatment sample.
Sperm sorting and videotaping. After the identification of motility variables for which significant measures were indicative of hyperactivation in procaine-treated sperm, the 0-h and 6-h control conditions were reanalyzed to determine the percentage of spontaneously hyperactivated sperm. For this purpose, two sets of parameters were compared using the CASA sorting system: 1) VSL 50.9 lm/sec and LIN 20.9% vs. 2) VCL ! 246.8 lm/sec and LIN 20.2%. Each field was analyzed individually, and overlapping and/ or agglutinated sperm tracks were not counted.
Videos of activated and hyperactivated sperm were obtained with a Zeiss Axiovert microscope on a 378C heated stage. Sperm were videotaped using Hoffman Modulation Contrast optics at 3003 with stroboscopic illumination at 30 Hz (Strobex; Chadwick-Helmuth Co., El Monte, CA). Images were obtained with a black and white video camera (Model CCD72; Dage-MTI Inc., Michigan City, IN) and recorded with an HDD/DVD digital recorder (Lite-On, Fremont, CA).
Effect of Procaine on Tyrosine Phosphorylation and Acrosomal Exocytosis
SDS-PAGE and immunoblotting. Sperm were incubated in noncapacitating and capacitating MW for 0, 2, 4, and 6 h in the presence and absence of 5 mM procaine. After incubation, samples were processed for SDS-PAGE and immunoblotting as described previously [17] . Briefly, samples were washed by centrifugation, and the final pellet was resuspended in sample buffer [38] containing dithiothreitol (40 mM). Samples then were boiled for 5 min. The total volume of extract corresponding to equal numbers of sperm in each sample (5 3 10 6 sperm) was loaded on 10% SDS gels. Separated proteins were blotted onto Immobilon P membranes (Millipore Inc., Billerica, MA) and blocked for 1 h with a 1:10 (vol/vol) dilution of coldwater fish skin gelatin in Tris-buffered saline (TBS)-Tween 20. TBS-Tween 20 was used for all subsequent antibody incubations and washes. Immunodetection of tyrosinephosphorylated proteins was performed using a monoclonal antibody against phosphotyrosine at a 1:10 000 dilution for 1 h, followed by incubation for 30 min with goat anti-mouse horseradish peroxidase-coupled IgG. Immunoreactivity was visualized using enhanced chemiluminescence detection with an ECL kit (Amhersham Corp., Piscataway, NJ) according to the manufacturer's directions. Experiment shown is representative of three replicates with three different stallions.
Acrosome reaction assay. Sperm were resuspended in capacitating MW for 0 or 6 h. Induction of acrosomal exocytosis was performed by incubating sperm for an additional 30 min in the presence of 5 lM calcium ionophore A23187 [17] , an equal volume of vehicle control (dimethyl sulfoxide [DMSO]), or 5 mM procaine. Sperm were washed and resuspended in 125 ll of PBS. To evaluate the acrosomal status of sperm, PNA-Alexa 488 (final concentration, 0.024 mg/ml [17] ) was added to the sperm suspension and incubated for 5 min in a 378C water bath. The entire suspension was then pipetted onto clean glass slides and allowed to settle for 5 min at room temp. The slides were gently washed with 1 ml of PBS (two times), fixed with 2% paraformaldehyde for 10 min, washed again with 1 ml of PBS (three times), and mounted with Vectashield (Vector Laboratories, Burlingame, CA). Slides were scored (6303) 200 for acrosomal status using an upright fluorescent Zeiss Imager ZI microscope (Thornwood, NY) with green fluorescent protein filters. Two hundred morphologically normal sperm were counted per slide, and evaluation was performed blindly of treatment status. Sperm were categorized as acrosome intact (postacrosomal fluorescence only), intermediate (fluorescence on the apical ridge of acrosome), or acrosome reacted (bright acrosomal fluorescence) as described previously [17] .
Effect of Procaine on IVF
Oocyte maturation. Equine cumulus-oocyte complexes (COCs) were obtained by scraping the follicular wall of ovaries [8] obtained from two different sources: 1) abattoir derived (Equine Reproduction Laboratory, Texas A&M University) and 2) postmortem ovaries from the necropsy service at Cornell University College of Veterinary Medicine. Abattoir-derived COCs were shipped overnight in 1:1 (vol/vol) TCM 199 with Hanks salts and TCM 199 with Earle salts, supplemented with 25 lg/ml gentamicin and 20% FBS at room temperature [39] . Upon arrival to our laboratory or upon retrieval from postmortem ovaries, COCs were transferred to culture dishes in 50-ll droplets of maturation medium (TCM 199 with Earle salts supplemented with 25 lg/ml gentamicin, 10% FBS, and 5 mU/ml FSH) under mineral oil and placed in an incubator at 38.28C with 5% CO 2 in a humidified air atmosphere for 24 h. After maturation, COCs were partially denuded by gentle mouth pipetting in 0.05% porcine hyaluronidase diluted in TCM 199 (Hanks salts, 25 lg/ml gentamicin, and 20% FBS) and evaluated for quality (i.e., smooth plasma membrane and apparent perivitelline space). Polar body visualization could not always be used as a maturation criterion because the cumulus was not completely removed prior to IVF experiments.
In vitro fertilization. Sperm were incubated at 10 3 10 6 sperm/ml in capacitating MW for 6 h and then diluted to 1 3 10 6 sperm/ml in capacitating MW with or without 5 mM procaine. Droplets (100 ll) of the sperm suspensions were pipetted onto culture dishes and covered with mineral oil. Five mature, partially denuded mare oocytes were transferred to each droplet, and culture dishes were incubated at 38.28C in 5% CO 2 in humidified air. After 18 h of coincubation, oocytes were transferred to an embryo culture medium (DMEM/F-12 supplemented with 25 lg/ml gentamicin and 10% FBS [40] in a 5% CO 2 /90% N 2 mixed-gas atmosphere) for an additional 24 h. Oocytes then were fully denuded by mouth pipetting in 0.05% porcine hyaluronidase (as above), fixed in 10% buffered formaldehyde with 0.1% Triton X-100 (vol/vol), and mounted onto glass slides with 6.5 ll of 9:1 glycerol:PBS containing 2.5 lg/ml Hoechst 33258 to assess fertilization status and chromatin configuration. Coverslips were sealed and oocytes evaluated on a Nikon Eclipse TE200 inverted microscope (Melville, NY) with fluorescent filters. Oocytes were considered fertilized if one or more decondensing sperm heads or pronuclei were observed or if they had cleaved to the two-cell stage. Degenerating oocytes containing no chromatin or fragmented chromatin, as well as oocytes that had failed to mature to metaphase II, were not counted in the assessment of fertilization rates.
RESULTS
Characterization of Hyperactivation in Stallion Sperm: Effects of Procaine on Motility Measures Before and after Capacitation
Procaine is a local anesthetic that has been demonstrated to induce hyperactivation in sperm from other mammalian species, possibly by increasing the plasma membrane's permeability to calcium [34] . The addition of procaine (5 mM final concentration [33] ) to stallion sperm at 0 h elicited an immediate change in motility in nearly all motile sperm, characterized by a star-shaped movement pattern (Fig. 1B) . Procaine-treated sperm completed more than one circle within the measuring period (30 frames at 60 Hz), as depicted by the overlap of the sperm track (Fig. 1B) . This change in motility was characterized by an increase in ALH (P ¼ 0.013) as well as decreases in STR (P ¼ 0.003) and LIN (P ¼ 0.005; Table 1 ). Because movement of the sperm head is dependent on the pattern of flagellum movement, increases in ALH with a concomitant decrease in LIN and/or STR are consistent with hyperactivation [28] . After 6 h of incubation 
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201 under capacitating conditions, the motility of control sperm was visually similar to that observed at 0 h (Fig. 1, A and C) ; nonetheless, these sperm were slower as detected by decreases in VAP (148.7 lm/sec vs. 122.6 lm/sec; P ¼ 0.008) and VCL (276.7 lm/sec vs. 237.7 lm/sec; P ¼ 0.023; Table 2 ).
Treatment with procaine at 6 h of incubation resulted in tracks that were shortened and more curved compared with the nontreated control (Fig. 1, C and D) . These sperm did not typically complete a full circle, as observed in the 0 h procaine-treated condition; however, treatment with procaine did elicit decreases in VSL (P ¼ 0.029), STR (P , 0.001), and LIN (P ¼ 0.002; Table 2 ), changes consistent with hyperactivation [28] . There were no significant interactions between treatment and stallion or ejaculate within the 0-h or 6-h time points. Figure 2 depicts still images obtained from videos of control and procaine-treated sperm at 0 and 6 h of incubation. Supplemental Movies S1-S4 are available online at www. biolreprod.org. Stallion sperm require prolonged incubation to demonstrate markers of capacitation, such as tyrosine phosphorylation and acrosomal responsiveness [17] . In other species, it has been demonstrated that without these hallmarks of capacitation, sperm are fertilization incompetent [10, [41] [42] [43] . Therefore, when defining sorting thresholds to determine the percentage of sperm that underwent spontaneous hyperactivation (i.e., not treated with procaine), we used the measures obtained from the 6-h time point described above. For this purpose, sperm with VSL 50.9 lm/sec and LIN 20.9 lm/sec were considered hyperactivated. Based on these parameters, ;26% of sperm at 0 h and ;29% of sperm at 6 h were hyperactivated under capacitating conditions. In contrast, after treatment with procaine, ;73% (P ¼ 0.004) and ;55% (P ¼ 0.013) of sperm were hyperactivated at 0 and 6 h, respectively. There were no significant differences between stallions or ejaculates at the 0-h time point (P . 0.05); however, stallion-to-stallion variability (P , 0.05) was observed after 6 h of incubation. Additionally, to rule out the possibility that changes in these parameters were associated with decreased velocities of sperm, a second sort was performed using a VCL ! 246.8 lm/sec in conjunction with a LIN 20.2%. Differences between procaine-treated and non-procaine-treated sperm were again observed at 0 and 6 h (P ¼ 0.004 and P ¼ 0.038, respectively). There were no significant differences between stallions or ejaculates at either time point with these parameters (P . 0.05).
Effect of Procaine on Tyrosine Phosphorylation and Acrosomal Exocytosis
The signaling pathways that initiate and maintain hyperactivated motility are not well defined, but calcium, bicarbonate, and cAMP have been demonstrated essential for this process [24] . Because similar requirements support capacitation, the purpose of this experiment was to rule out whether procaine was exerting its effects on sperm motility via the induction of protein tyrosine phosphorylation. Therefore, sperm were incubated in noncapacitating and capacitating media in the presence and absence of 5 mM procaine for 0, 2, 4, and 6 h. As shown in Figure 3 , incubation in the presence of procaine did not have an effect on protein tyrosine phosphorylation. As reported for bovine sperm, our results support the hypothesis that the pathways regulating capacitation (acrosomal responsiveness) and hyperactivation are separable and independent [20, 33, 34] .
Because the acrosome reaction is a Ca 2þ -dependent, exocytotic event, and procaine may induce hyperactivation by increasing plasma membrane permeability to calcium [34] , we also wanted to investigate whether the induction of hyperactivation with procaine had any effect on acrosomal exocytosis. We have previously reported significant rates of calcium ionophore-induced acrosomal exocytosis in stallion sperm incubated under capacitating conditions. In this experiment, we exposed sperm incubated previously for 0 or 6 h in capacitating conditions to 5 lM calcium ionophore A23187, 5 mM procaine, or 0.5% (vol/vol) DMSO (vehicle control; equal volume) for 30 min to test whether procaine can induce acrosomal exocytosis. At 0 h, there were no differences observed among any of the treatments (P . 0.05; Fig. 4A ). After 6 h of incubation, calcium ionophore induced a significant percentage of acrosome-reacted sperm compared with procaine-and DMSO-treated sperm (35% vs. 15.2% and 11.8%, respectively; P , 0.03; Fig. 3B ). There was no difference between DMSO controls and procaine-treated sperm at 6 h (P . 0.05). There were also no significant interactions 202 between treatment and stallion or ejaculate at either of the time points analyzed. Together, these data suggest that procaineinduced hyperactivation of stallion sperm is independent from protein tyrosine phosphorylation and acrosomal exocytosis events.
Effect of Procaine on IVF
The ability of a population of sperm to undergo protein tyrosine phosphorylation and induced acrosomal exocytosis is suggestive of capacitation [10, 31, 32, 41, 44] ; however, the most definitive test of capacitation is the ability of sperm to fertilize an oocyte. Notably, IVF has been highly unsuccessful in the equine, as evidenced by low fertilization rates (0%-33%) [2] [3] [4] [5] [6] [7] [8] ; moreover, these results have not been replicable, even within laboratories using the same protocols [4] [5] [6] . Therefore, we wanted to investigate whether our capacitation conditions, which conferred time-dependent increases in protein tyrosine phosphorylation and acrosomal responsiveness on sperm, would also support IVF of mare oocytes. Additionally, because procaine induced changes consistent with hyperactivated motility, we combined our capacitation conditions with the addition of procaine at the time of insemination. For these experiments, sperm were incubated for 6 h at 10 3 10 6 sperm/ml in capacitation medium, then further diluted to 1 3 10 6 sperm/ ml in capacitation medium with or without the addition of procaine (5 mM final concentration) prior to coincubation with mature equine oocytes. In independent replicates, using semen from two stallions, we achieved 54% (7 of 13), 40% (6 of 15), 66% (4 of 6), 84% (11 of 13), 50% (4 of 8), 66% (4 of 6), and 84% (11 of 13) fertilization rates, as evidenced by either pronuclear formation or cleavage to the two-cell stage (Fig. 5, A  and B) . In one experiment, potential embryos were further incubated until Day 3 after insemination in embryo culture medium, and 66% (4 of 6) had cleaved to the 8-to 16-cell stage (Fig. 5, C and D) . When sperm were incubated in our capacitation conditions but procaine was not added at the time of insemination, no oocytes were fertilized (0 of 66 oocytes; total of five experiments). Following these results, we wanted to test whether hyperactivation alone in noncapacitated sperm was sufficient to fertilize oocytes. For this purpose, semen from one of these stallions was incubated in noncapacitating or capacitating medium for 6 h and diluted to 1 3 10 6 sperm/ml plus 5 mM procaine as described. Sperm incubated under capacitating conditions in the presence of procaine achieved 40% (2 of 5) fertilization, whereas 0% (0 of 5) of oocytes were fertilized in the noncapacitating MW plus procaine condition. These data support the concept that stallion sperm must undergo changes consistent with capacitation (protein tyrosine phosphorylation and acrosomal responsiveness) as well as acquire hyperactivated motility in order to become fertilization competent. 
DISCUSSION
In this study, we characterized the motility pattern and movement measurements associated with hyperactivation in stallion sperm and demonstrated that stallion sperm hyperactivation is required for successful IVF. Because treatment with procaine was not associated with changes in protein tyrosine phosphorylation or the induction of acrosomal exocytosis, it is unlikely that procaine facilitated fertilization via a mechanism other than the induction of sperm hyperactivation. Moreover, neither incubation of sperm in capacitation conditions alone nor treatment of noncapacitated sperm with procaine supported IVF in our experiments. Together, our results indicate that both capacitation and hyperactivation are required for successful IVF in the horse.
The addition of procaine to stallion sperm (both at 0 and 6 h of incubation) induced significant changes in the motion parameters that have been used to define hyperactivated motility in other species [22, 28, 29, 33, [45] [46] [47] . However, treatment with procaine after 6 h of incubation did not elicit as robust a response compared with nonincubated sperm (Supplemental Movies S2 and S4); rather, the sperm tracks shortened and became more curved (Fig. 1, C and D) . Nonetheless, in both cases, decreases in LIN and STR were consistent with the acquisition of hyperactivation. Therefore, because only sperm incubated for 6 h underwent changes consistent with capacitation and were, presumably, fertilization competent, we chose to define hyperactivation based on the motion measures observed after procaine treatment of sperm incubated for 6 h. Based on these experiments, hyperactivated stallion sperm can be defined by a VSL 46.5 6 4.4 lm/sec, STR 46.6% 6 2.9%, and LIN 20.2% 6 0.7% (Table 2) . Notably, the difference between procaine-treated and nonprocaine-treated sperm was not attributed to decreased velocities or sluggishness of sperm, because these differences were still significant when track speed (VCL) was !246.8 lm/ sec. In fact, treatment with procaine increased VCL at both 0 and 6 h (Tables 1 and 2) .
Sperm from mouse, human, and nonhuman primates undergo hyperactivation when incubated under capacitating conditions [28, 45, 46, 48] . Conversely, bull sperm do not undergo spontaneous hyperactivation when incubated in conditions supporting capacitation, and therefore procaine has been used to characterize hyperactivation in this species [33] . Moreover, treatment of wild-type mouse sperm with procaine induces a pattern of hyperactivation similar to that observed under in vitro capacitating conditions [49] . To ascertain whether stallion sperm undergo spontaneous hyperactivation under capacitating conditions, we reanalyzed our data using the average and SEM of the variables that defined hyperactivation in procaine-treated samples (VSL 50.9 lm/sec and LIN 20.9%). In this context, we determined that only 26% of sperm at 0 h and 29% of sperm at 6 h spontaneously hyperactivated under capacitating conditions, whereas 73% and 55% of procaine-treated sperm fell within the hyperactivated category at 0 and 6 h, respectively (P , 0.05). This suggests that some stallion sperm undergo spontaneous hyperactivation, albeit below the critical threshold to support fertilization as evidenced by our IVF experiments, in which 0% of non-procaine-treated sperm fertilized mare oocytes. Moreover, only ;30%-50% of stallion sperm in an incubated population are capacitated as determined by acrosomal responsiveness [17] . Capacitation and hyperactivation are separable and independent eventsthat is, a particular sperm may be hyperactivated but not capacitated and vice versa-therefore, only a small percentage of incubated sperm displaying hyperactivated motility are 204 capable of fertilizing. Furthermore, based on our visual observations of sperm incubated in capacitating conditions, hyperactivation in untreated samples appeared to be mostly biphasic: Sperm will circle, become progressive, and then circle again. We hypothesize that this on-and-off motility pattern may enable sperm to navigate through the uterine or oviductal milieu. In contrast, treatment with procaine synchronizes hyperactivation, ensuring that a larger percentage of capacitated sperm are hyperactivated during these IVF experiments. Additionally, procaine-treated sperm do not exhibit biphasic motility, but rather circle continuously (Supplemental Movies S2 and S4), perhaps giving the continuous thrust or propulsion needed to penetrate the zona pellucida.
Procaine exerts its effects on sperm motility presumably by increasing the permeability of the plasma membrane to calcium [34] . This is supported by the failure of procaine to elicit motility changes in bovine sperm incubated in calcium-free medium [33] . We have also observed this in stallion sperm (data not shown). However, calcium is also a critical component of the pathways regulating protein tyrosine phosphorylation and acrosomal exocytosis [50] [51] [52] [53] . One might argue that procaine facilitated IVF through the activation of these pathways. However, as found previously in bovine sperm [33] , incubation of stallion sperm with procaine did not induce time-dependent increases in protein tyrosine phosphorylation (Fig. 3) , nor did it induce acrosomal exocytosis (Fig. 4) . These results suggest that capacitation and hyperactivation are separable and independent events, as demonstrated in bovine sperm [33] . Moreover, this leads us to conclude that procaine facilitated IVF via the induction of hyperactivated motility.
Protocols used for equine IVF have typically mimicked those published for the bovine species, without investigation into the specific incubation conditions required for stallion sperm [2, 5, 6, 54] . Moreover, previous reports have not adequately defined incubation conditions that support timedependent increases in protein tyrosine phosphorylation in the absence of pharmacological reagents, nor have they correlated these changes with the acquisition of acrosomal responsiveness and/or fertilization potential [12, 55] . We have reported recently incubation conditions that support stallion sperm capacitation [17] ; moreover, such conditions were similar to the requirements of murine sperm, which may partially explain the inability to previously capacitate stallion sperm in the laboratory. Reported IVF protocols yielding the highest fertilization rates (33%) have incubated sperm in the presence of calcium ionophore for short periods before coincubation, which increases intracellular calcium levels. Although previous thinking about the effect of the calcium ionophore in these protocols was that it induced capacitation and/or the acrosome reaction, it may have been acting in a manner similar to the procaine used in the present study, albeit less efficiently, by inducing hyperactivated motility. Fertilization rates with untreated equine sperm are essentially 0% [2, [4] [5] [6] [7] , whereas partial or complete removal of the zona pellucida results in high fertilization rates, including polyspermic fertilization upward of 65% [3] . However, the essential relationship of hyperactivated motility to fertilization is demonstrated by Catsper-null mice, whose sperm lack the ability to hyperactivate, cannot penetrate zona-intact oocytes in vitro, and are infertile as a result [18, 19] . Together, these studies and ours suggest that the major barrier for successful equine IVF is penetration of the zona pellucida; moreover, our results corroborate the findings of oocyte transfer studies [8] , in that that the failure of sperm to penetrate the zona pellucida of in vitro-matured oocytes under standard IVF conditions is probably not due to premature zona hardening (i.e., cortical granule release).
Because of the difficulties associated with obtaining mare ovaries in the United States (all horse slaughterhouses in this country closed in 2007) and of superovulating mares for the recovery of meaningful numbers of oocytes, intracytoplasmic sperm injection (ICSI) may still be the clinical assisted reproductive technique of choice in subfertility cases linked to poor semen quality or when a valuable mare is killed for medical reasons. However, studies comparing IVF with ICSI in other species have demonstrated differences in the epigenetic imprinting of genes during embryonic development with these techniques [56, 57] , which highlights the physiological relevance of IVF over ICSI. Therefore, understanding the underpinnings of stallion sperm capacitation and hyperactivation as it pertains to successful IVF may provide insight into the molecular events surrounding fertilization in the equine that can be applied to the improvement of other assisted reproduction techniques.
In summary, in this study, we characterized procaineinduced hyperactivation of stallion sperm and demonstrated that induction of hyperactivation facilitates fertilization. Most notably, by coupling our capacitating conditions with the induction of hyperactivation using procaine, we have achieved the novel result of substantial and reproducible percentages of fertilized mare oocytes in our IVF experiments.
